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Toxins are elaborated by microorganisms presumably to give them 
. a selective growth advantage in certain environments. Thus, toxins 
• can protect bacteria from hostile environments and help them to 
secure nutrients. Seeds of plants also contain toxins where they may 
have a protective. function and aid in seed dispersal Some toxins act 
at the surface of target ceils; others must be internalized and enter 
the cytosol to kill target cells. Because toxins can readily kill human 
cells, they are being investigated as possible therapeutic agents 
against several diseases, This is done by altering the structure of the 
toxin so that it will bind preferentially to disease -causing cells instead 
of binding to normal cells. Initially targeting of toxins was done by 
• . chemically attaching a whole toxin or a fragment of a toxin to an 
.. .. : " .:. amUhod.y to produce, an unmuriotoxin; the antibody is directed at an 
\ - antigen uniquely present on the surface of a target cell (1-3). Several 
. .. : . types of cancer cells have been found to contain unusually large 
■ \ :> numbers of growth factor receptors; therefore, toxins have also been 
] ' ;. chemically attached to growth factors or to anti-receptor antibodies 
; ■ ■ which target, them to receptor-bearing cells (4-1 3)/ 

Toxin molecules that act within the cell contain at least three 
.'. Actional domains (14). One domain directs the toxin to the cell 
; surface by binding to a component on the cell membrane. A second 
. .. domain contains the enzyme activity that inactivates an essential 
cellular function and results in cell death. A third domain helps the 
cytotoxic domain translocate across the cell membrane in order to 
reach the cytosol where the target of the toxic domain is located. 
The potential of using toxins as therapeutic agents has stimulated 
; research into the structure and activity of the^e molecules. One very 
• important advance was the solution of the three-dimensional struc- 
ture of Pseudomonas exotoxin (lo). Guided by this structure it has 
been possible to determine the location of the various functional 
.. regions of Pseudomonas exotoxin (16) and to use this information to 
construct novel forms of the toxin that are selectively cytotoxic for 
cells with specific target molecules on their surface. This review will 
. focus on the structure activity relationships of Pseudomonas exotoxin 
and genetically modified fonns of Pseudomonas exotoxin and compare 
some of their properties to those of diphtheria toxin, ricin, and other 
toxins where appropriate. 
. Both diphtheria toxin and Pseudomonas exotoxin kill cells, by 
\ catalyzing the transfer of the ADP moiety derived from NAD to a 
modified histidine residue, termed diphthainide, present in elongation 
; ' factor 2 (EF-2) J (17-19). Because both toxins modify the same residue, 
celt mutants that are resistant to one toxin are often cross-resistant 
. to the other. The toxins also have similar molecular masses; Pseu- 
, domonas exotoxin is 66 kDa and diphtheria toxin is 60 kDa. There- 
fore, one might expect there to be considerable homology in the DNA 
or amino acid influences of the two toxins, but there is nut. The two 
molecules flhow a small amount of sequence homology, and this occurs 
primarily in the region known to bind NAD and catalyze the ADP- 
ribosylation reaction (20, 21). 

The BtepH in toxin action are shown schematically in Fig. 1. In this 
model we have incorporated data from both diphtheria toxin and 
Pseudomonas exotoxin. The first step is binding of the toxin to a cell 
surface receptor; to date the biochemical nature of the receptor for 


' The abbreviations used are: EF-2, elongation factor 2; DT, diph- 
theria toxin; PE40, portion of Pseudomonas exotoxin containing 
amino acids 253-013 (PE40 lacks the binding domain); TGFa, trans- 
forming growth factor «; EOF, epidermal growth factor; IL, intcrleu- 
kin. 


Thk Journal or Biowkhcal Chemistry 
Vol. 2fU, Nn. 26, hsuo of September 15, pp. 15157-15L60. 1989 

Printed in USA. 


ABLE COPY 

either toxin is still not clear. Next the toxins enter coated pita from 
which they are transferred to endocytic vesicles (22-24). These vesi- 
cles contain a proton pump which rapidly acidifies the vesicles shortly 
after their formation. The low pH alters the toxin structure exposing 
hydrophobic residues which probably help the toxin to insert into the 
membrane (25-29). Agents that raise intravesirular pH such as ckio- 
roquine or ammonium chloride block the action of these toxins (22, 
30, 31), whereas they potentiate the action of plant toxins such as 
ricin and abrin indicating that the plant toxins have a different site 
or mechanism of entry into the cytosol (32). Eventually the toxin 
gains access to the cytosol probably as an enzyinatically active frag- 
ment and inactivates EF-2- In the case of Pseudomonas exotoxin, the 
nature of the fragment ia not yet known, Olsnes and colleagues (33) 
have identified several fragments of diphtheria toxin that become 
inserted into the membrane in an acid pH-dependent reaction that 
follows the binding step. It appears that the diphtheria toxin fragment 
present in the cytosol is the 20-kDa A chain (33). 

The three-dimensional structure of Pseudomonas exotoxin shows 
it to be made up of three major domains (15) with domain I subdivided 
into a large domain (la) and a small domain (Th).These two portions 
of domain I are separated in the DNA sequence but lie. close together 
in the three-dimensional structure of the protein (see Fig. 2). 

To ascertain the function of each domain, DNA fragments con- 
taining or lacking the domain(s) of interest were isolated using 
standard recombinant DNA techniques and expressed into protein in 
Escherichia coli (16). DNA fragments encoding different portions of 
the Pseudomonas exotoxin gene were cloned into an expression plas- 
mid so that large amounts of recombinant toxin could be made and 
purified. A Hummary of some of the proteins made is shown in Fig. 3. 
Deletion of domain lu (amino acids 1-253) resulted in a M r 40,000 
molecule, PE40, which has low toxicity on cultured cells but full 
ADP-ribosylation activity. The tow toxicity, which could have been 
due to either diminished cell binding or diminished translocation 
activity, was shown to be due to low binding based on the following 
data: (ij a protein composed of only domain I was prepared and was 
shown to bind to cells and block the cytotoxic effect of Pseudomonas 
exotoxin in a concentration-dependent manner (16); (ii) PE40 (do- 
mains II, lb, III) which has very little cytotoxicity by itself was 
conjugated to several different antibodies or growth factors (see 
below) which bound to and killed different types of target cells (34). 

Domain III was shown to contain the ADP-ribosylating activity of 
Pseudomonas exotoxin (18). Expression of a plasmid-encoding do- 
main HI produced a protein of Af, 24,000 which had ADP-ribosylating 
activity equivalent to native Pseudomonas exotoxin, whereas expres- 
sion of Pseudomonas exotoxin genes encoding only domains I or II 
produced proteins with no enzymatic activity. 

Finally, a plasmid encoding a protein with a deletion (A253-308) 
of half of domain IF (amino acids 253-364) was constructed and 
shown to produce a protein that had both cell-binding and ADP- 
ribosylating activities but could not kill cells (16). By deduction, since 
the other Paeudomonas exotoxin functions were present in this mu- 
tant, domain II must be needed for translocation. 

Mutations in Domain la 

When Pseudomonas exotoxin was treated with reagents that react 
with free amino groups such as 2- iminothiolane, the modified mole- 
cule displayed decreased cytotoxic activity without decreased ADP- 
ribosylating activity (35, 36); this indicated that the function of 
domain III was intact. Because the modified Pseudomonas exotoxin 
molecule could be attached to antibodies or to epidermal growth 
factor to produce an active cell-killing reagent, domain 11 also had lo 
be functional. Therefore, it seems very likely that iminothiolane 
modified a free amino group present in domain la. There are 12 
lysines in domain la that, could have reacted with iminothiolane 
besides the amino group of the NH* terminus, and it. seemed likely 
that modification of one or more of the amino groups in this domain 
was responsible for the decrease in cytotoxicity. Accordingly, each 
lyaine in domain I was changed to a glutamate residue by site-directed 
mutagenesis (37). Most of the mutations had little or no effect on the 
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Fig. 2. Diagrammatic model of Pseudomonas exotoxin 
showing domains Ia r II, lb, and HI (15), 

cytotoxic activity of Pseudomonas exotoxin, except for a mutation at 
position 57. When Lys-57 was changed to Glu, there was a 100-fold 
loss of cytotoxic activity, and this low* of cytotoxic activity was due 
to decreased binding of the mutant toxin to the Rurface of the cells 
(37). Lysine 57 has been shown to lie on the surface of the Pseudom- 
onas exotoxin molecule consistent with a role in receptor binding (15, 
37). 

Mutations in Domain II 

Domain II of Pseudomonas exotoxin is composed of 112 amino 
acids (amino acids 253-364) and contains six helices. Two of these 
helices, B and E, conaiflt of 21 amino acids each, a length sufficient 
to Hpan a membrane. The other four helices are Kmaller. Insertion of 
the helices into or across a membrane could be an important part of 
the translocation process. 

To try and identify crucial sequences in this domain, a senes of 
deletion mutants have been made (38). All of these mutants have 
greatly decreased cytotoxic activity yet retain normal ADP-ribosylat- 
ing activity. To ensure that the mutations in domain II did not affect 
the binding of mutant Pseudomonas exotoxin molecuies to target 
cells, domain I of Pseudomonas exotoxin was also deleted and replaced 
with transforming growth factor ^(TOFa) to create a chimeric toxin 
hound to cells with epidermal growtri factor (EOF) receptors (Fig. 3). 


Fio. ,1 Domains of Pseudomorias uxataxin (PE), PE40, and 
Ps^domonasexotoxih-ejene fusions, Key amino acids for Pseu- 
domonas exotoxin function are located in various domains; PE40 has 
translocating and ADPrribosylating activity but no cell binding; 
TGF«-PE40 is more active than P^O-^TCFa; TGF<*-PE>t0 does not 
kill cells since it has rio translocating (domain II) activity; 1L2-Prv40 
. binds to and kills cells expressing IL2 receptors. 

The function of domain IT has also been studied by the creation of 
point mutations. Initially, positively charged amino acids were inves- 
tigated for their role in translocation. Domain II has 12 arginine 
residues and no lysines. Therefore, each of the arginine residues was 
changed by mutation (39). The most dramatic decrease in cytotoxicity 
was brought about by mutations in Arg-276 and Arg-279 (Table I). 
Changing Arg-276 to ftly produced a molecule with a complete loss 
of cytotoxic activity and changing Arg-279 to Gly caused a 400-fold 
fall "in cytotoxici ty (39). Arginine 276 was also changed tu Glu, His, 
Lys, and Gin, and all these mutants had extremely low cytotoxicity. 
Arginines 276 and 279 lie in a loop on the surface of domain II that 
connects the A andB helix. In that location ATg-276 and -279 should 
be able to interact with components of the membrane through which 
Pseudomonas exotoxin must translocate. The fact that Arg-276 can- 
not be replaced with amino acids of similar size or charge suggests 
that it participates, in a very specific interaction with a cellular 
component. To demonstrate the existence of such an interaction, 
competition experiments using wild type and mutant molecules were 
carried out. These indicated that Arg-276 was necessary for a rate- 
limiting (saturable) reaction that occurred within an intracellular 
compartment, and this interaction was probably involved in the 
translocation reaction (39). This rate-limiting step could involve the 
binding of Pseudomonas exotoxin to a translocating protein or be 
involved in the processing of Pseudomonas exotoxin as part of the 
translocation process. 

Mu tatione in Domain III 

The ADP-ribosylation activity of Pseudomonas exotoxin is con- 
tained within structural domain III. Pseudomonas exotoxin has NAD 
glycohydrolase and ADP-ribose transferase activity, and it interacts 
with elongation factor 2. The functional boundaries for these activi- 
ties are now being defined. The data of Allured et al (15) indicated 
that structurally domain III begins at amino acid 405. To ascertain 
in a functional assay (ADP-ribosylation) the location of the NH a - 
terminal boundary of domain IJT, a set of deletion mutants was created 
which removed all of domains I and 1 1 and encroached to various 
degrees on domain III. Removal of all the amino acids prior to residue 
401 resulted in a protein with full ADP-ribosylation activity (38)..But 
removal of only four more amino acids decreased activity by 50%, 
and a protein which began at position 408 had almost a complete loss 
of the ADP-ribosvlation activity (38). This result clearly shows that 


From (613) 998-3290 Order # 04632426DP03785845 Thu Apr 29 19:14:35 2004 Page 4 of 5 


Minireview: Pseudomonas Exotoxin, Chimeric Toxins 


15159 


Table I 

Amino acids important for Pseudomonas exotoxin function 
To determine the location of key amino acids that are neceaaary for toxin activity various investigators have 
made single amino acid changes in Pseudomonas exotoxin. These mutant forma were assayed either for Pseudom- 
onas exotoxin binding, translocation to the cytoplasm, or ADP-ribosylation activity. The functional deficits caused 
by these changes are summarized in this table. 


Amino acid(s) 

Domain 


Remarks 





lULdllUf 1 

Binding Translocation 

ADP-riboaylation 

Lys-57 

+ 


... 

Glu-57, reduced cell killing 

37 

His-246-Gly-252 

? ? 


More toxic than PE40; reason not 
clear 

37 

Arg- 2 76 

+ 

\i 


Reduced cell killing by 1000 -fold when 
Arg is changed to other amino acid 


Arg-279 

<L* + 


Hoduced cell killing by 500-foid when 
Arg is changed to other amino acid 

jy 




Reduced cell killing by 30-told 

39 

His-426 


+ 

Deletion of 420 has no ADP-ribosyla- 

43 

Glu-553 

It 


tion activity 


+ 

Aap-663 has low ADP-ribosylation ac- 
tivity 

41 


Ik 


Deletion at 553 has no ADP-ribosylu- 

42 


\& 


tion activity 


Trp-558 

+ 

May be important for ADP-ribosyla- 

43 


a. 


tion activity 


Tyr-4S1 


Inhibits ADP-ribosylation when iodj- 
nated or mutated 

21, 44 


Table 11 

Cytotoxic activity of Pseudomonas exotoxin and clutneric toxiris on cell lines with different receptors 


Cell Una 


Receptor 


Number 


TGF«-PE40 


ID* 






TL2-PE40 

IL6-PE40 

IL4-PE40 

CD4-PE40 









A43V 

EGF 

2 X 10* 

0.1 

>1,000 

>1 ( 000 

>1,000 

ND U 

KB 

EGF 

2 X 10 5 

0.2 

>1 ,000 

>1,000 

>1,000 

ND 

HUT-102 

IL2 

50,000 

>1,000 

2 

>1,000 

>1,000 

ND 

U266 

IL6 

12,000 

>1,000 

>1,000 

10 

ND 

ND 

CT.4R 

1L4 

15,000 

ND 

200 

>1,000 

17 

ND 

HIV-H9 

KPl20 

Large 

ND 

ND 

ND 

ND 

<0.1 


3 ND, nut determined. 


functionally domain III begins around amino acid 400 and wry little 
of the amino end of domain III can be removed without loss of 
enzymatic activity. Deletion mapping of the COOH end of domain 
TTI has not yet been performed. 

Within domain IIl r various key amino acids have been identified 
(Table I). Photolabeling has shown the importance of Glu-553 for 
binding NAD (40). Changing this residue to Asp reduces ADP- 
ribosylation by at least 100-fold (41), and deleting it eliminates 
activity completely (42). Two other amino acids, His-426 (43) and 
Trp-558 (43), not directly involved in NAD binding also appear 
necessary for ADP-ribosylation. Wozniak et al. (43) have suggested 
that the ADP-ribosylating activity of a variety of bacterial toxins 
requires the presence of three specific amino acids; these are His, 
Glu, and Trp arranged with a 125- or 126-amino acid separation 
between His and Glu and a 3- or 4-amino acid separation between 
Glu and Trp. It has been known for some time that iodination of 
Pseudomonas exotoxin by chloramine-T methods 2 can cause loss of 
ADP-rihoaylating activity. The iodination of tyrosine 481 apparently 
introduces an atom of iodine that abolishes ADP-ribosylation activity 
(21). Changing Tyr -481 to Phe causes reduction in ADP rihosyltrans- 
ferase activity but not in NAD binding or NAD glycohydrolase 
activity (44). Therefore, this amino acid may be involved in the 
interaction of domain III with EF-2 (44). 

Chimeric Toxin Molecules 
Chimeric toxin molecules have been crcaLed by deleting a portion 


2 D. FitzGerold, unpublished data. 


of the toxin gene encoding cell binding information and replacing it 
with DNA coding for peptide hormones, growth factors, or other 
recognition proteins. This approach has been used to make chimeric 
proteins with both Pseudomonas exotoxin and diphtheria toxin (45- 
50). No gene fusions with cytotoxic portions of ricin have yet been 
reported. 

As indicated in Fig. 3, several growth factors and lymphokines 
have been used to replace domain la of Pseudomonas exotoxin in 
order to direct the toxin to cells bearing different types of receptors. 
To do this, a cDNA encoding a specific growth factor or lymphokine 
has been ligated to a DNA fragment encoding domains II, lb, and III 
of Pseudomonas exotoxin. A list of the chimeric molecules constructed 
in this manner and their activity on cell lines with different receptors 
is shown in Table II and includes molecules that bind to the EGF 
receptor as well as to the inter leukin 2 (IL2), interleukin 4, and 
interleukin 6 receptors (45-48). HIV, the virus responsible for AIDS, 
infects T cells by binding to a cell surface protein termed CD4. A 
chimeric toxin that kills HIV-infected cells was created by fusing a 
cDNA encoding amino acida 1-178 of CD4 to DNA for Pseudomonas 
exotoxin domains II, lb, and III (51). This chimeric protein, CD4- 
PE40, binds to a glycoprotein (gpl20) that is found on the surface of 
HIV-infected cells and kills these cells (51). 

Two types of chimeric toxins containing TGFr* have been con- 
structed. Initially TGFa was placed at the COOH end of PE40 and 
connected to it by a short linking peptide (45). In the other construc- 
tion TGF« was placed at the NH 2 terminus of PR40 with no linking 
peptide (38). Both forms of the molecule had full ADP-ribosylating 
activity and were cytotoxic to cells that contain EGF Teceptors, but 
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TGFa-PE40 was about 10-fold more active than PE40-TC.F«. This 
difference in activity could be due to differences in che binding of 
TGFa to the EGF receptor or in some &tep in the translocation 
process. We have also constructed both TL2-PE40 and PE40-IL2 and 
found only IL2-PE40 to be cytotoxic. 3 Together these results suggest 
that Pseudom07uis exotoxin -related chimeric molecules with the li- 
gand at the COOH terminus probably translocate poorly. 

Making chimeric toxins by chemical linkage has been described 
for several combinations of toxins and cell-binding proteins. For 
instance, EGF has been linked to Pseudom>ms exotoxin (5), ricin A 
chain, and diphtheria toxin A chain (4, 52). With the advent of gene 
fusions, however, chemical linkage has become the second choice for 
making Paeadotnonas exotoxin and diphtheria toxin-related chimeras 
with small peptides although it is still used for antibodies. This is not 
the case for ricin A chain chimeras. Recently, soluble CD4 was linked 
to ricin A chain by a disulfide linkage (53). It should be noted that 
cytotoxic ricin A chain conjugates made either by chemical thioether 
linkage or by peptide. linkage in gene fusions have not been reported 
and, if made, would be expected to be inactive, because in native ricin 
the carboxyl end of the A chain is disulfide-Hnked to the NHa- 
tcrminal end of the R chain; A disulfide arrangement i« probably 
heeded to make an active ricin A chain chimera. 

One obvious use for chimeric toxins is the treatment of human and 
animal diseases. Diseased cells or disease-causing cells serve as targets 
and can be eradicated by the injection of chimeric toxins. For example, 
prolongation of the survival of cardiac allografts in mice has been 
reported by testing mice with IL2-PB4D or IL2-DT at the time of 
engrHfLment (54, 55)- By killing IL2 recoptpr -bearing cells, the chi- 
meric toxin in some way prevents the emergence of cytotoxic T cells. 
In other studies IL2-PE40 was shown to suppress nr prevent an 
. experimental form of arthritis in rate which is due to. the production 
. of activated T cells (56). Chimeric toxins haw also been used as 
probes for receptor studies; IL2-PE40 will kill cells bearing either the 
p55 kDa Bubuhit or the p?5 kba stibimit, but quite large amounts are 
required (57). However, a* both subimits are. present, much lower 
concentrations of IL2-PE4.0 are required to kill . cells, because . recep- 
tors containing both receptor chains bind IL2 with higher affinity 
and are internalized more efficiently. The selection of receptor- 
deficient cells has also been accomplished using chimeric toxins (68). 
Since toxin internalization h required to gain access to the cytoplasm, 
processes relating to receptor-mediated endocytosis can also be stud- 
ied. 

Summary 

Pseudonumas exotoxin binds to and enters cells by receptor-me- 
diated eudocytosis. Within the cell it requires exposure to low pH to 
enable it to translocate to the cell cytoplasm where it inhibits protein 
synthesis by ADP-ribosylating elongation factor 2. The toxin has 
three main structural domains whose functions are: la, cell binding; 
II, translocation; and III, ADP-ribosylation. Key amino acids have 
been identified within each domain that are required for the function 
of the toxin. 

Chimeric toxins were made originally by using chemical cross-, 
linking reagents to couple Pseudomonas exotoxin {or other toxins) to 
cell-binding proteins- More recently, a variety of Pseudomonus exo- 
toxin -related chimeric toxinn have been made by gene fusion tech- 
nology. These chimeric toxins may he useful clinically for treating 
various diseases and experimentally for understanding receptor func- 
tion. 
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